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I. INTRODUCTION 
A. Statement of the Problem 
Macroscopic properties of many systems are strongly influenced by 
the microscopic properties of that system or of subsystems. The goal of 
this work is to provide an insight into the macroscopic deformation 
properties of a cubic ionic solid, sodium chloride, as they are influenced 
by the microscopic nature of the deformation process. The influence of 
grain boundaries on the deformation properties was specifically chosen 
because grain boundaries are present in huge numbers in most real 
materials. The effects of the grain boundaries on the macroscopic 
properties of systems is of great importance and has only recently begun 
to be quantified. The specific objectives of this study are to provide a 
quantitative method and study of the effects of grain boundaries on the 
microscopic and macroscopic deformation properties of sodium chloride 
with the hope of subsequent generalization of both the method and the 
results. 
B. The Nature of the Deformation Process 
Many years ago mineralogists noted the existence of crystallographic 
slip in large classes of minerals. Certain obvious examples of crystal­
lographic slip appeared very early in the history of mineralogy. Optical 
microscopy showed the existence of "slip planes" or "glide bands" in 
sodium chloride, silver chloride, and many of the softer minerals. 
Elementary calculations show that the stresses necessary for the slip 
of one crystallographic plane relative to its neighbor is prohibitively 
large, being on the order of three one-hundredths of the shear modulus 
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whereas the elastic limit or fracture strength for most materials falls 
two or three orders of magnitude below that value. 
The dislocation mechanism of plastic deformation was probably first 
introduced by Burton in 1892, and Larmor in 1897. The concept of an 
elastic dislocation was summarized by Volterra who treated the subject 
in a rather general manner, although the extension of the concept to 
crystallographic deformation was not made until 1921-22 in a lecture series 
by Prandtl. The word dislocation is due to the mathematician, Love. 
The foundations of modem dislocation theory was laid by Orowan, 
Polanyi, and Taylor in 1934. Orowan conceived of the dislocation loop, 
a limited area of slip in a system, the boundary of which forms the 
dislocation line. Figure 1 depicts a dislocation loop in which the cross 
hatched area is the slipped region. Polanyi in 1934 considered the form 
of a stationary dislocation and estimated the stress required for its 
motion (Figure 2). The connection between the crystallographic dislocation 
and the elastic dislocation of Volterra was made by Taylor, unfortunately 
with an error. Taylor's contribution, although in error, was significant 
in that the way was opened to the investigation of the interaction of 
dislocations with other defects and permitted quantifying at least some 
aspects of deformation. Burgers, in 1939, generalized the concept of 
dislocations in crystals by describing what is presently called the screw 
dislocation. Burgers also generalized the mathematics of dislocations, 
particularly with regard to dislocation loops. 
The more recent advances in dislocation theory have been experimental 
in nature. The beauty and fault of dislocation theory lies in its 
Figure 1. A dislocation loop 
The hatched area represents the slipped 
region and its boundary the dislocation. 
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Figure 2. Pol^ nyi's model of a dislocation (Nabarro, 1952) 
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complexity. Experimental data is easily explained on the basis of disloca­
tion models, although the discrete nature of the dislocation loop or line 
provides an extremely complex field of dislocation actions and inter­
actions. Oilman (1959) performed a brilliant experiment using lithium 
fluoride which showed the dependence of velocity of dislocations on 
exp K/T where T is the shear stress. Kosevich (1964) developed the theory 
of dislocations along the lines of continuum mechanics. These results 
are general enough to include stress rate, strain rate as well as other 
fundamental quantities such as mass transport. Dislocation theory in its 
most general form is that which follows the outline of general relativity; 
these general approaches are highly complicated by the existence of two 
fundamental velocities in an elastic solid. The mathematics of stationary 
dislocations has been treated by Nabarro (1952) in an excellent monograph 
which is the basic reference for this wor'c and from which the historical 
outline above was taken. Cottrell (1953) presents a broad view of disloca­
tion theory in a very lucid monograph. The nature of dislocation behavior 
has been studied widely and awaits only adequate generalization. 
C. The Nature of Slip 
The general nature of slip deformation is determined by the motion 
of dislocations. Edge components of dislocations are restricted to motion 
in the slip plane, while motion of screw dislocation components are not 
so restricted. These restrictions on the motions of dislocation segments 
are a result of the structure of the edge and screw type dislocations. 
The motion of edge dislocations in directions perpendicular to the slip 
planes requires mass transport. The most restrictive characteristic of 
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dislocation lines is that dislocation lines cannot end in a body. The 
requirement of continuity of dislocation lines in the body, except at 
free surfaces, provides for some of the fundamental restrictions on the 
plastic deformation of crystalline material. Dislocations are usually 
described as "edge" type or "screw" type. Edge dislocations are 
restricted to glide in their slip plane, where the slip plane is that 
plane defined by the line of the dislocation and its Burgers' vector. 
Screw dislocations have no associated slip plane, the line of the disloca­
tion being parallel to the Burgers* vector of the dislocation. Motion 
of a dislocation line is meaningful only for components of motion 
perpendicular to the line of the dislocation. 
The concept of conservation of the Burgers' vectors for dislocations 
leads automatically to the reaction of dislocations defined in a purely 
geometrical manner. For example, given two dislocations of Burgers' 
vector bi and 62, a reaction may take place such that 63 = b^  + 62 (the bar 
superscript denotes vector quantities). Quite complex reactions for 
Burgers' vectors can be imagined, especially in crystal systems in which 
basis vectors for the crystal are in general not orthogonal or of the 
same magnitudes. The Burgers' vectors which exist in crystal systems 
generally correspond to lattice vectors, and the dislocations which 
actually exist in any given system are dictated by the energy of the 
dislocation. The energy of a dislocation in an anisotropic material 
can always be expressed in the form (Head 1965) E = KblnR/r^  + Eg 
where K is a complicated function of the elastic modulii of the material, 
and the orientation of the Burgers' vector relative to the dislocation 
line. Ec is the "core energy" of the dislocation which represents the 
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energy contribution inside the radius where elastic theory is no 
longer valid. The criterion usually taken with respect to whether or not 
a certain dislocation reaction will occur is based on the above equation; 
that is, if |bg|2 < jb^ l^  + jb^ p the reaction will occur. This treatment 
is, of course, valid only for more isotropic materials in which the core 
energy is zero. A better approximation is probably K^ jb^ p < K^ lb^ l^  + 
K^ |b^ |2, since the assumption of isotropy is in general not very good even 
for cubic materials. The question of which of the possible dislocations 
will exist in a system is usually answered on the basis of the strain 
energy; that is, the part of the energy equation which is derived from 
elastic theory, KbIn R/rg. In at least one system, sodium chloride, the 
existence of certain dislocations may depend critically on the core 
energy term (Huntington, 1955). In general, then, the geometrically 
possible dislocations in a crystal system are dictated by the lattice 
geometry of the system, while the physically possible dislocations are 
determined by the elastic properties and atomic structure of the system. 
Some further generalization of the relationship between the elastic 
constants of a system and its atomic structure most likely exists; so 
that the existence of certain dislocations in the system depends on the 
fundamental properties of the atoms of that system. 
D. The plastic Deformation of Sodium Chloride 
Early work on the plastic deformation of sodium chloride was reported 
by Obreimow and Brilliantow (1933), Joffe'(1928), and Schmit and Boas (1950). 
The crystallographic nature of the deformation was noted by all of the 
above. Obreimow and Brilliantow reported the magnitude of the lattice 
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strains using X-ray back reflections. Their conclusion was that déforma­
tion occurs largely by kinking or micro-twins. Obreimow and Brilliantow 
also applied (with an error) the methods of quantitative photoelasticity 
in the study of the residual stress state of sodium chloride and the 
effects of annealing on internal stresses; their work on stress bire­
fringence was hampered by residual strains in the optics of their micro­
scope, The series of papers by Obreimow and Brilliantow on the deformation 
of sodium chloride is a very readable and elegant example of the scientific 
method. 
Recent work on the ductile nature of the alkali halides by Stokes 
(1965), among others, shows that the deformation of the alkali halides 
is characteristic of that of the face centered cubic metals. The 
strengthening behavior can be identified with curves characteristic of 
F.C.C. metals at low temperature in that Stage I, Stage II, and Stage III 
hardening exist (Figure 3). The alkali halides also show an "easy glide" 
region (Stokes), which depends on loading technique, surface conditions 
and sample configuration. This "easy glide" region correlates with the 
appearance and development of single slip system bands along the gage 
length of the sample. The temperature dependence of the deformation 
mode of sodium chloride displays a transition from "straight glide" in 
which the slipped regions are strictly planar in nature to "wavy glide" 
at high temperatures. In the "wavy glide" mode, generally the traces of 
the edge dislocation bands are straight while the screw bands are curves 
(Figure 4). At low temperatures only the [110] {110} slip system is 
believed to operate, while at higher temperatures the system (100) has 
been proposed. 
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Figure 3. A schematic of the stress-strain diagram for sodium chloride 
(Stokes, 1965) 
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Figure 4. Straight and "wavy" glide 
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The deformation of sodium chloride has been correlated with disloca­
tion motion by direct observation of dislocation motion in the electron 
microscope (Martin, 1966). Etching studies using solutions of FeClg in 
acetic acid and HgCl2 in ethanol, among others, have been consistent with 
the dislocation mechanism of deformation. Russian researchers (Nadgom/y 
and Stepanov, 1964) have exploited the etching technique in determina­
tions of the deformation fields around indentations, "artificial shears". 
Sodium chloride, a face centered cubic alkali halide, was chosen for 
this work because of its availability in high purity and the relative 
ease with which it can be machined. The transition from straight to wavy 
glide takes place at reasonable temperatures while the small number of 
active slip systems makes possible the investigation of the behavior of 
single slip systems. These practical considerations, coupled with a 
deformation mode which is a model for the other alkali halides and for 
dislocation deformation in general make sodium chloride a most useful 
experimental material. 
E. Grain Boundaries 
Grain boundaries are a very important parameter in any discussion of 
real polycrystalline materials; indeed, in any discussion of any material 
if small angle or mosaic boundaries as well as chemical boundaries are to 
be considered. The ratio of grain boundary area to particle size varies 
as some constant related to the geometry of the grains and to the 
distribution of grain sizes divided by a length characteristic of the 
grains. The influence of grain boundaries on the macroscopic properties 
of a system becomes very large as the grain size becomes very small. If 
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grain boundaries exert a long range influence on the bulk material 
surrounding them, the influence of the boundaries on the proj^ rties of 
the system increases somewhat faster than r"^ . The exact form of the 
relationship depends on the nature of the interaction of the boundary and 
the bulk material. The magnitude of the grain boundary effect depends 
on the properties of the grain boundary. Grain boundaries have an 
influence on virtually every macroscopic property of crystalline systems. 
Experiment shows that grain boundaries have effects on such diverse 
properties as diffusion and electronic properties, optical properties 
and mechanical properties. In so far as properties are structure sensi­
tive, grain boundaries influence properties. 
A grain boundary is simply a change in crystallographic direction. 
There is no geometrical reasoning which demands that a grain boundary 
take any certain configuration. Experimental evidence shows that grain 
boundaries are in general planar in nature and of microscopic dimensions 
in thickness. A grain boundary which is in the form of a smooth thin 
plane requires five parameters to describe it; three to describe the 
change in crystallographic orientation across the boundary and two to 
describe the orientation of the plane of the boundary with respect to the 
space defined by the crystals. Optical, X ray and electron microscopic 
studies show that grain boundaries are in general smooth and very thin 
(on the order of atomic dimensions). 
Burgers was reportedly the first to conceive of grain boundary as 
an array of dislocations. A tilt type grain boundary can be described as 
a vertical array of edge dislocations, while a twist type grain boundary 
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may be described as a crossed grid of screw dislocations. Frank (1950) 
made an extension of this concept to the general grain boundary in a 
homogenous system, e.g., a boundary between like crystals, Frank's 
method is based on the concept of a median lattice from which the 
crystal lattices are generated by rotations. The most general description 
of a grain boundary should also contain information describing changes 
in lattice parameter in the case of non-homogenous systans. Many models 
have been proposed to describe the structure and properties of high angle 
grain boundaries. Frièdel (1964) conceives of a high angle grain boundary 
as an array of infinitesimal dislocations. Boundaries have been described 
with a fit-misfit model in which case there exist regions in which the 
fit between adjacent crystals is good and regions in which fit is poor. 
Ke (as quoted by Li, 1961) proposed a viscous slab model to explain high 
temperature deformation behavior for grain boundaries in aluminum. The 
most widely accepted model for grain boundaries is, however, the disloca­
tion model or some modification thereof. Chalmers (as quoted by Li, 1961) 
introduced the concept of special arrays of dislocations to form high 
angle boundaries. The Chalmers' boundary can be viewed as an array of 
small angle boundaries which give the overall effect of a large angle 
boundary. The best discussion of the requirements for any grain boundary 
model is given by Li (1961) in his paper on the dislocation core model. 
Li lists some of the characteristics that any grain boundary model must 
exhibit. They are: 
1. Must reduce to dislocation model at low angles 
2. Must show viscous behavior at high angles and temperatures 
3. High angle energies insensitive to boundary angle 
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4. Activation energy of grain boundary shear changes with 
angle even at high angles 
5. Must show sharp transition to preferential melting with 
increase in angle. 
6. Most properties continuous with angle of boundary 
7. Velocity of migration increases with angle of misfit 
and is very sensitive to impurity-segregation. 
One of the difficulties connected with the usual dislocation model 
of a grain boundary is that at some relatively small angle the cores of 
the dislocations composing the boundaries overlap, rendering the model 
meaningless. Li, on the other hand, exploits this behavior in his core 
model and shows, in theory, that overlap of the cores for a tilt boundary 
will occur at some angle lower than that predicted by the classical 
dislocation model. This core overlap leads to second order discontinui­
ties in the functions for the properties of the grain boundaries. For 
example, the curve for grain boundary energy shows a discontinuous slope 
change at the critical overlap angle although it is probably nonexistent 
in real samples because of thermal fluctuations. 
The general dislocation model must provide for boundaries composed 
of dislocations not of slip type, i.e., dislocations which da not normally 
exist in crystal lattice, and for boundaries in heterogenous systems, 
i.e., systems in which there is not only a change in angle but a change 
in lattice vectors and also elastic constants. A general grain boundary 
has chemical as well as strain energy. Van Der Merwe (1963) and Fletcher 
(1964) using different approaches to the grain boundary problem have 
ihown that under very general restrictions the grain boundary is reducible 
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to a set of dislocations. Fletcher's results show very strong cusps in 
the boundary energy versus lattice vernier curve. 
Grain boundaries have been shown to be composed of dislocation 
arrays from both experimental and theoretical results. The general 
nature of the grain boundary energy function is that the energy increases 
with the angle of the grain boundary except in the special circumstance 
of cusp formation. The strain field of the boundary decreases in range 
with increasing angle of the boundary. The high angle boundary then 
has little effect on the bulk material. Boundaries are also shown to 
be thin, on the order of the crystal lattice. 
F. Grain Boundaries in Sodium Chloride 
Grain boundaries in sodium chloride fit the dislocation model for 
grain boundaries. Etching studies of small angle boundaries reveal the 
dislocation nature of the boundaries, while transmission electron 
microscopy reveals the dislocation nature of higher angle boundaries 
(Fehr, 1966; McGee, 1965; Martin, 1966). The energy of grain boundaries 
in sodium chloride experimentally determined (McGee, 1965) fits the 
classical E/6 versus log 6 plot reasonably well (Figure 5). 
G. Influence of Grain Boundaries on Plastic Deformation 
The influence of grain boundaries has been studied from two points 
of view, the macroscopic and the microscopic influence of the boundary 
on plastic flow. Microscopic studies of a theoretical nature have shown, 
in general, that twist boundaries are stronger than tilt boundaries 
both with respect to penetration and decomposition (Li, 1963). Li also 
takes into account solute hardening at the grain boundaries. Cottrell 
iîOl 
Figure 5. The grain boundary energy of sodium chloride as a function 
of angle 
16b 
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(1953) and Nabarro (1952) considering the change in crystallographic 
orientation across the boundary, neglecting the strain field of the 
boundary, show that the boundary has a very strong effect on dislocation 
motion. Nabarro points out that a dislocation crossing a boundary must 
drag a stacking fault behind it, which gives rise to stresses on the 
order of the theoretical shear stress. 
Li's work (1963) with dislocation arrays has been of great value 
to the theory of plastic deformation. Li maintains that solute segrega­
tion at the grain boundary (per boundary dislocation) decreases with 
grain boundary angle due to the decrease in range of the boundary stresses 
and the increase in number of dislocations, while the stress to remove a 
dislocation from the boundary increases with increasing angle (Figure 6). 
Li calculated the stress to force a dislocation between the dislocations 
composing a simple tilt boundary and calculated the stress necessary to 
remove a dislocation from a pinned boundary as a function of boundary 
angle and pin distances. The results are probably only valid for small 
angle boundaries. Fehr (1966) has shown that small angle boundaries in 
sodium chloride can be decomposed at relatively low values of oscillating 
stress at room temperature. Fehr's work was done in this laboratory under 
the same research contract as this work. High angle tilt boundaries 
results included in Li's calculations and elsewhere for the stresses to 
remove a dislocation from the boundary or to force a dislocation through 
the boundary are in error in that they do not include the influence of the 
deformation of the boundary by the dislocation motion. In the existing 
calculations the strain fields of the boundary and approaching disloca­
tion are considered, but the boundary is held rigid in its vertical 
(A) INTRINSIC STRENGTH OF THE BOUNDARY 
VARIES PROPORTIONALLY WITH THE ANGLE 
(B) PINNING STRESS OF SOLUTE ATOMS VARIES 
INVERSELY WITH THE ANGLE 
CO 
CO 
LU 
a: 
(A) 
A N G L E . e  
Figure 6. Li's (1963) model of the stress necessary to decompose a tilt grain boundary 
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configuration. The conditions at infinity with respect to the dislocation 
moving through the boundary are also violated except for very small angles. 
By the very definition of the grain boundary, the Burgers' vector of the 
dislocation must be rotated by the angle defined by the boundary as the 
dislocation moves from plus to minus infinity. 
H. Image Forces 
When a material is not continuous in elastic properties, the stress 
field for a screw dislocation is no longer that given by the equation for 
the infinite medium, T^ v = In the case of a free surface the stresses 
2irr 
T^ y must be relaxed on the surface; this relaxation may be accomplished 
by positioning a negative mirror image dislocation with respect to the 
surface. The sum of the stress fields of the original dislocation at the 
surface and in the interior of the material satisfy the equilibrium con­
ditions, and the stress acting on the surface is zero. This concept of 
image dislocations is mentioned by Nabarro and Cottrell and has been most 
extensively applied by Head (1953, 1965). The concept is valid for more 
general cases than a free surface; and Head treats the case of a thin 
oxide film, a thick oxide film, as well as the case of a grain boundary. 
In the case of a grain boundary, the shear modulus jumps from y to 
some new value p"; the stresses developed by a dislocation at r can be 
relaxed on the boundary by an image of the dislocation at -r of strength 
_r_I—i = Kb, If K is greater than zero, the image dislocation repels 
+ M2 
the real dislocation; and we will call the boundary a "hard" boundary. 
On the other hand, if K is less than zero, the boundary will be a soft 
boundary and the dislocation will be attracted towards it. 
20 
In the material across the grain boundary from the real dislocation 
2VIV2 
the dislocation creates a field = which is, in terms of K, 
' Ml + M2 
Wl(l + EXb/2irt). This corrected field reduces to zero for K = -1, a free 
surface, and satisfies the conditions of equilibrium in the material. 
Denoting the strength of a boundary between material i and material 
j by Kij the stress in material j by a dislocation in material i is 
Wi(l - Kij)T, A double boundary, that is, a boundary of strength and 
another of strength K23 generates an infinite series of image dislocations. 
The double boundary corresponds to a grain boundary in an anisotropic 
crystal, an oxide layer either on the surface or in the interior of the 
crystal. The infinite series is generated by the image dislocation for 
boundary 23 requiring an image for boundary 12 in material 1. The 
series is generated as follows:^  
1. Consider a dislocation in material 1 at r. This dislocation 
requires an image of strength K22 ^ -t the mirror image 
position in material 2. 
2, The field on the boundary at d is given by (1 - Ki2)/r + d which 
requires an image dislocation at -(r + d) of strength K23 which 
gives to a field on the boundary 12 of K23(Ki2 + l)/r +2d. 
This requires an image of strength K21 in material 1 at r + 2d, 
i,e., K2i(K23)(l - Ki2)/r + 2d, which gives rise to a stress 
in material 1 of (1 - K2x)(K23)(l - ^ 12)/^  + 2d + x, where x 
is the distance from boundary 12, thus the stress at the 
dislocation is given by (1 - 1^ ^^  /{2x + 2d), 
T^he case for the image strength in materials 2 and 3 is in Appendix B. 
1 
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3. The image dislocation in material 1, (K2i)(K23)(l - K12) 
/r + 2d gives rise to a stress CK2i)(K23)(l - Ki2)/r + 3d 
at the boundary 23 which requires an image of strength 
2^3 at -(r + 3d). This image gives rise to a stress 
K23CK21)(K23)(1 - Ki2)/r + 4d on boundary 12 which, 
repeating the argument above, requires an image in material 
1 of strength K2i(K23)^ (K2i)(1 - K12) at r + 4d, which 
gives a stress at r of (1 - K21)(K23)^ CK2i)(1 - K12)/ 
2r + 4d. 
4. The dislocation in material 1 of strength 
(1 - K12) at r + 4d gives rise to a stress at boundary 
23 of K2i(K23)^ (1 - Ki2)/r + 5d which requires an image 
in material 3 of 
K23(K2l)2(K23)^ (l " K12) 
r + 5d + X 
which gives a stress of 
K23(K2l)^ (K23)^ (l " ^12) 
r + 6d 
at boundary 12 and generates an image in material 1 of 
strength K2l(K23)(K2i)^ (K23)^ (l " ^ 12^  at r + 6d. 
This in turn gives a stress at r of 
(1 - K2i)CK23KK2I)^ (K25)^ 1 - K12) 
2r + 6d 
The series is thus 
22 
T _ Kl2 + V 2^1 2^3 (1 - K12) 
2x n=l 2r + 2nd 
Ki2 " (-5""^  K(n-l) (1 - K2 ) 
= J±+ Z 12 25 12 , 
2r n=l 2r + 2nd 
Some very interesting results are obtainable for specific cases 
according to the above series: 
1. K23 = -1 (the third material is of zero modulus with 
respect to the boundary). 
Ki2 - (-1)"-! (-1)" (1 - kJ ) 
T = _i£ + S l± i£ 
2r n=l 2r + 2nd 
îii. ; <^2 -4%) 
2r n=l 2r + 2nd 
which is exactly what we suspect. This is the case 
treated by Head (1953), 
2. Kj^ 2 ~ 0 
T : *23 . 
2r + 2d 
3. d -»• 0 
; (-1) 3^ (1 - 4) 
2r n=l 2r 
23 
4. K23 = -1» d = 0 
Keff = Kl2 + 2 (-1)"-! (-1)* Kif-l (1 - KJ ) 
n=l 12 12 
'^ 12 * I (•« 0 - >=12) 
Kj2 -1(1 . * K:; » ...)(1 -
(1 - K?2) 
Kit ~ 1 - Ki2 " (1 Kio) ~ -1* 
(1 - Ki2) 
Case three is most interesting since as d + 0, the influence of 
Ki2 renains in the result, this is necessary for example if K12 = -1» 
a free surface. 
There seems to be no reason to restrict the K values except to 
-1 < K < 1 so that non-homogeneous systems may be taken into account. 
For example, a very soft material dispersed in a hard material will 
certainly experience this type of force. In the sodium chloride system 
K ranges from 0 > K > - .748 for grain boundaries misorientations, which 
is indeed a large range (calculated using data published by Nye (1960) for 
Cij's). The shear modulus of the boundary itself is difficult to estimate 
although for boundaries of reasonably high angles it is certainly less 
than that of the bulk crystal (neglecting any solute hardening). Ke's 
(Chalmers, 1950) results show that at high temperatures the boundary 
modulus effectively goes to zero in that the boundary behaves as a 
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viscous slab. This viscous boundary would give rise to image forces 
dependent on dislocation velocity, implying an influence on the strain 
rate at high temperatures for polycrystalline samples. The strength of 
the image due to the boundary layer will depend on the viscosity of the 
boundary and the shear rate, that is, the velocity of the approaching 
dislocation. An expression will arise like T = —where v is the velocity 
4r2 
and n is the boundary viscosity. This is a short range effect and would 
probably be of importance only for high nv. 
Figure 7 is a plot of the first three teims of the series calculated 
for d + 0 for various K's. For finite boundary thickness d, the first two 
terms of the series show that there is a long range and short range effect 
due to the boundary. 
* "23" - "L' 
(2r)^  + 4rd 
2r + 4rd (2r)2 + 4rd 
The first term is important at large r while the second term has little 
effect except at small r. The almost unexpected result of a finite 
boundary influence as the thickness of the boundary goes to zero is most 
likely very important. The case in which the boundary layer thickness 
is different from zero is also very important, although an increase in 
boundary thickness tends to decrease the influence of the series. For 
example, when the boundary thickness becomes infinite the function 
reduces to K],2/2r as we would expect. The case of zero thickness gives 
25 
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Figure 7, The effective strength of a very thin boundary as a function 
of Ki2 Kg; 
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an effective image dislocation of a strength which is a function of the 
boundary modulus and also of the anisotropy in the bulk crystals. It 
may well be more convenient to express K23 in terms of K22 and 
since is readily calculable from elastic theory. The result of 
this manipulation is: 
K = 1^3 " ^ 12 , 
^ " hs h2 
If Ki2 is zero, then K23 reduces to as expected. For small K12 
and Kig, K23 is very nearly equal to - K12. for the case d = 0 
the series reduces to for small values of and Ki2' When d 
is different from zero, the series reduces to 
Ki3 K^ 2 
———— +• ———— 
2r + 4rd 2r^  + 4rd 
for small K's. It is convenient to define an effective image strength 
for the boundary thickness approaching zero. Let the effective strength 
be 2r times the sum of the series. This effective modulus depends on 
both Ki2 and K13, but in the case d = 0 is independent of r. 
To estimate the influence of the boundary thickness on the stress 
a calculation was performed for various thicknesses with K]^ 2 = -0.1 
and - + 0.1. The results are presented graphically in Figure 8. 
If we identify y in the above calculations with C44 for sodium 
chloride and perform the tensor transformations on C44 for a simple 
tilting of one crystal with respect to the other, it is easily found 
that varies between zero and -0.728 for boundary angles between zero 
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and w/4. The form of the function for is relatively simple since 
the tilt transformation itself is rather simple. The function is 
cos^  20-1 
ki3 = : . 
1.375 + cos/2e 
Figure 9 is a graph of the equation. 
The only unknown parameters at this point are K22 d. K12, the 
boundary hardness is the most difficult to estimate; but at least a 
first approximation will be that the boundary modulus is linear in the 
dislocation content of the boundary at low angles and remains relatively 
constant after the cores of the dislocations comprising the boundary 
overlap. This will give rise to a function of the form: 
V _ -A 2sin 0/2 
'12- 2vj-A 
-A sin J 
1^2 = 0 < 0 < 0c 
2u - A sin 1 
-A sin 8^  
=  2  0 -  <  0  <  x  
0c 2 
2iii - A sin -J 
For 0c = 30° and A = 2.5p, = ,48 at the critical angle. Figure 10 
shows the influence of the boundary modulus on the effective strength for 
the system calculated on the basis described above for sodium chloride 
tilt boundaries. The softness of the boundary is as expected. It has 
been shown that the boundary behaves as a viscous slab at high tempera-
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tares, in which case K^ 2 becomes -1 and the effective modulus becomes 
-1 independent of the thickness of the boundary layer. In this case the 
boundary acts like a free surface and dislocations are strongly attracted 
towards it» 
The analysis thus far does not take into account the stress field 
due to the dislocations composing the boundary. These stress fields 
rise rapidly at a very small distance front the boundary, the distance is 
on the order of h, where h is the spacing between the dislocations 
composing the boundary. The effect of this rapidly rising stress field 
will be to repel the approaching dislocation at distances which are small 
with respect to the dimensions of the system. Yet another point which 
must be taken into account is that the motion of a dislocation across a 
grain boundary requires the creation of a residual dislocation at the 
boundary (for the conservation of Burgers' vector). This residual 
dislocation creates a jog in the boundary. The residual dislocation will 
interact with the dislocations composing the boundary as well as with the 
dislocation which is crossing the boundary. The cores of the approaching 
dislocation and the boundary dislocations will also interact. The 
interaction between the boundary cores and the core of the approaching 
dislocation may be a strong interaction. These interactions will occur at 
high angles of the grain boundary, except for core-core interaction which 
will happen at all angles in the case of twist grain boundaries. 
If we assume that the grain boundary energy fits the function 
E = Eq 8(A - loge) where A is the core energy contribution, and E = P -
Eq 6 log 6 atthigh angles, where P is the constant energy of the slab 
formed by the intersecting cores, then we can estimate the energy due to 
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the core overlap. 
As it turns out, this approximation does not seen to be valid. 
Figure 5 is a plot of log 6 versus E/6 from data taken at this laboratory 
(McGee, 1965). The graph shows linearity at high angles and at low 
Mgles, but the slope of the curve is different which implies that Eq, 
the strain energy per dislocation, suffers an abrupt change at some point 
in the neighborhood of 20". 
I. Photo Elastic Effect 
As was stated earlier, investigators have used the photoelastic 
effect, or optical birefringent, in the study of the deformation of 
crystalline materials. The application of the methods of photoelasticity 
to crystals, while qualitatively quite straight forward, is quantitatively 
difficult. The difficulties in the application of photoelasticity 
result from the fact that the stress-optical coefficients are fourth order 
tensors (Nye, 1960) so the orientation of the crystal under stress must 
be known. The photoelastic method is based on the equation for the 
intensity of polarized light transmitted through a stressed body and 
through an analyzer (a second polarizer usually rotated 90" with respect 
to the first) plane polarized light entering a birefringent material 
travels faster in one direction than in some other direction. These 
light rays are denoted the extraordinary and ordinary rays. The phase 
difference between the emergent rays, A , when resolved in the analyzer 
direction give rise to the following equation for transmitted intensity: 
I = Ig sin^  20 sin2 A. 
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In the above equation & is the angle between the polarizer direction 
and a principal axis of the birefringent material. Many materials are 
not naturally birefringent but become birefringent under the influence of 
an applied stress. The nature of the influence of the applied stress on 
the retardation is a function of the symmetry of the crystal under stress 
and of the orientation of the crystal with respect to the applied stress. 
For the general plane strain case, the retardation has the form (Nye, 
1960); 
where Bij (tensor notation) is given by 
Bij = CijU Tk& 
CijkA is the stress optical coefficient and Tk& is the stress. The 
principle directions are given by the equation 
2Bi2 
tan 20 = 
(Bii - B12) 
In classical photoelasticity the stress is usually expressed in terms of 
the principal stresses. Nye (1949&) in his discussion of the photoelastic 
effect in crystals also uses principal stresses. For an isotropic 
material the independent components of the stress optic coefficients are 
two, Cii 12, and 22» while for sodium chloride the number of inde­
pendent components are three, n, Cji 22» 1^2 12* 
The transformation laws for fourth order tensors in general involve 
fourth degree trigonometric terms and can become quite complex. Under 
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some simple transformations the results are simple. An example of a 
simple useful transformation is that of rotation about a crystal axis. 
Figure 11 is a plot of the retardation for a uniform stress T12 applied 
in the 100 plane viewing along the 100 direction; the fourfold symmetry 
of sodium chloride is apparent. The equation for this transformation for 
a uniform stress 1^ 2 is: 
' = (C„ 22 - Si 11 * <=12 12»'  
4 [(Sin? 2e)(Cii ij - Cji 22 - Cl2 12) * C12 12l^ t''^  Tjj 
or, in terms of intensity for small A 
I = Iq A Sin^  20. 
It is easy to show that for any polarizer orientation which defines a 
reference plane (x, y) that the photoelastic equation for small A 
reduces to 
To show this let 
eB„ - = 43^ 3-^ ^^  
which is obtained from the equations which define the principle directions. 
Substituting in the equation for A we find that 
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Figure 11. A polar plot of the variation in retardation for a uniform 
shear stress applied in thé 100 plane 
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4 = [4bJ C°s22e * 4B2 ,1/2 
Singez " 
and for the intensity, for small A, 
I = Iq Sinf 20 [dR^ C^os^ 20 + 
Sin^  20 
' ^2-
So that for a stress field defined with respect to the polarizer direction 
the transmitted intensity under a rotation of the crystal about the 
viewing direction is: 
I = IQ 4[^ i2~ C^ i 22 " ^ 11 11 * ^ 12 12) (^ 11 " ^22) 
+ (C12 12 - Sin^  28(Cii 22 - ^ 11 11 + C12 12))CTI2)]^ ' 
The case of a crystal twisted about the axis defined by the polarizer 
is simpler since the coefficients 22 1^2 12 invariant in the 
rotation and C12 n is zero. The equation for the transmitted intensity 
2 
is I = 4C^ 2 22 ^ 12* values of the piezo-optic coefficients 
referred to the cube axes for sodium chloride are given by Nye (1960) as 
Cii n = 0.25, Cii 22 ~ 1*46, and C12 12 = 0.85, in units lO'lS cm^ /dyne. 
Goodman and Sutherland (1963) applied the methods of photoelasticity 
to silver chloride in the plastic region and found good agreement with the 
predictions of the stress-optic theory. They found that the average 
optical retardation correlated well with the applied stress. 
38 
Classical photoelasticity is based upon the zeros of the equation 
for the transmitted intensity which in terms of principle stresses can be 
written 
I = Sin^  20 Sin? K(T^  - T^ ) 
where K is the appropriate constant usually called the fringe factor. The 
transmitted intensity is zero when 26 = rnr or when K(Ti - T2) = nir, A 
sample under stress will show a set of dark lines due to the principle 
directions (26 = nir) called isoclines and a set of dark lines called 
isochromatics due to the principle stresses. Frocht (1948) gives a 
good discussion of the methods and materials of photoelasticity. 
In this work use was made of the transmitted intensity of light 
according to the photoelastic equation for small retardations because the 
stress-optical coefficient (fringe factor) of salt is very small. Quanti­
tative measurement of light intensity at low light levels is a bit more 
demanding than location of zeros in intensity, but accuracies to within 
a few per cent should be easily obtainable. The measurement of trans­
mitted light will most likely always give an underestimate of stresses 
because of light scattering and absorption in the system which may be a 
function of the stress state. The use of transmitted intensity is 
theoretically more satisfying than other methods because it allows a 
continuous measure of the stress rather than the pointwise methods of 
classical photoelasticity. 
Complete solutions for the stress fields in a body are not obtainable 
from photoelasticity alone because the tensile and compressive components 
of the stresses always appear as T^ x - Tyy in the equations. Techniques 
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other than photoelasticity must be resorted to in order to find a 
complete solution. The methods used for the separation of the stresses 
fall into two large classes, the experimental in which methods other than 
photoelasticity are used to evaluate either one component of the tensile 
stress or the sum of the compressive stresses + Tyy: mathanatical 
methods rely on the assumption of linear elasticity; and the equations of 
equilibrium are often used to generate a solution by numerical methods. 
Nye (1949b) measured the retardation across slip bands in deformed 
silver chloride and reported a saw toothed shaped stress distribution. 
Mendelson (1961) measured the retardation in slip bands in sodium chloride 
deformed in a coiq>ression mode. He found tensile components of stress 
at the top of slip bands and compressive components at the bottom in 
accord with the dislocation model of deformation. Mendelson performed a 
crude calculation to relate the number of dislocations in the slip band 
with the stress optically determined. Nye (1949b) also noted stresses at 
the grain boundaries and some fine structure in the slip bands. 
In the course of this research, the author developed a scanning 
method for observation of transmitted intensity based on a television 
camera chain. The only reference found using a similar scheme was by 
Will et al. (1963), who used a videcon camera system for the direct 
integration of light intensity transmitted through X-ray film in a 
micro-densitometer arrangement. The electronic scanning tubes are very 
versatile and can provide fast, accurate readout of virtually any optical 
image information. A further discussion of the T.V. system and its 
applications is under the heading of experimental procedure in this paper. 
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To date the method of photoelasticity as applied to plastic deforma­
tion by the dislocation mechanism has been qualitative or at best semi­
quantitative in nature. There is no reason except that of experimental 
complexity barring the use of precise quantitative methods in the 
determination of the microscopic stresses state by the photoelastic method. 
J. The Continuous Approximation and Image Dislocations 
In dealing with large numbers of dislocations, it is convenient to 
replace the distribution of discrete dislocations with a distribution of 
infinitesimal dislocations, D(x), where the number of dislocations between 
X and X + Ax is given by D(x)Ax then we can express the equation for the 
total number of dislocations as n = f D(x)dx where x is a reduced variable 
= y/a to account for an interval a on the axis. 
The equation for the equilibrium of a distribution of dislocations on 
the axis under the influence of an applied stress f becomes 
where T(Xq) is any special internal stress. 
Following a method due to Mushelisvilli cited in Head (1953) the 
solution for the case of a distribution function unbounded at the origin 
and bounded at x = 1 under a constant applied stress f can be written 
when T(Xo) is taken to be a stress which jumps to very high values at the 
origin, hereafter referred to as a "block". This solution is a result of 
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Mushelisvilli's method which is as follows. Suppose (a, b) consists of 
finite segments of the x axis (a^ bi), Ca2b2), .(aq, bq) and at p of 
the segments, denoted by C^ , C2, Cp, D(x) is to remain bounded and at 
the remaining 2q-p end points Cp+i, •••» D(x) may be unbounded. 
Let 
1^ - n (X-Cjj) 
k=l 
2g 
R = n (x-cjj) 
k=p+l 
then D(x) can be written. 
'a 
2^ f(x) dx 
RL(X) X - XQ 
+ Qq - p - l(Xo) rlW 
I R2C*O) 
where Qq - p - 1 is an arbitrary polynomial of degree not greater than 
q - p - 1 and is identically zero for q = p. 
If q - p 0 a unique solution bounded at ..., Cp exists if and 
only if f(x) satisfies the conditions. 
b 
1 Rl (x) 
X f(x)dx = 0 for n = 0, 1, ..., (p-q-1). 
R2 (X) 
Head gives the solution for a number of interesting cases including 
the case of a dislocation source at the origin and blocks at Î a. 
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Consider the case in which a dislocation density at x, D(x), generates 
image dislocations of strength K at -x, the resulting equilibrium equation 
can be written 
1 
DW dx , 
'0 X-Xr 
0 
.) * K jl D(-x) dx 
-1 X - XO 
or. 
/Q X-Xo 
f(Xo)+ K 
D(x) dx 
X + x„ 
Following Head we write the solution treating the integral on the right as 
if it were a known function 
D(xJ = 1 0/- T 
RzCxo) 
 ^ I Ri(Xg) '0 
f(x) %(x) dx 
[R2(x) X-Xq 
RICXQ) 
dx D(z) dz 
|R2(X) ,(x - Xq) (z+x) 
Or for the problem with a solution bounded at 1 and unbounded at the 
origin. 
f 1 
DCXQ) = -
Jl2 
i"*o _ L_ Ifi-xp f IjL 
l-x 
dx I D(z) 
(X-Xq) j x+z 
"^ 0 
dz. 
Changing the order of integration and integrating, we find, 
Pèf % fS "• 
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This equation can be written in symbolic form 
1 
D(Xo) = g(Xo) + k  ^D(z) K (x, z) dz 
and is a Fredholm equation of the first kind. Tricomi (1957) describes 
the reduction of a singular integral equation to a Fredholm equation 
along the same lines. 
We can attempt to solve the Fredholm equation by iteration, if we 
let 
1 
DJCXQ) = g(Xo) + k I Do (z) K (XQ, Z) dz 
0 
and Dg (Xq) = g(Xo3 + k Di(z) K (Xg, z) dz 
' 1 
Dn(xo) = g(Xo) + k \ Dn.i (z) K (x^ i z) dz . 
0 
Obviously if the sequence converges to a function D(Xq) then that function 
is a solution of the original equation. 
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If we attempt to do this, letting 
Do(Xo) = i 
" 1/ ^ 
for the first iteration we find that 
•>l(Xo)=- l/' ' . 
" / ^  
or, upon performing the integration (Appendix A), 
Figure 12 is a graph of this first approximation for K ranging between 
-0,50 and +0,50, where D(x) is in units of (f/2vb). 
This first result is interesting and shows the expected behavior of most 
strongly affecting the distribution in the neighborhood of the origin. 
The above problem was programmed on the I.B.M. 7074 Computer on the 
Iowa State University campus following the same iteration scheme with a 
dz 
Z + XQ 
Figure 12. The variation of D(x), the dislocation density for different 
boundary strengths, K from analytic approximation 
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convergence parameter of 0,01, that is, when jD^ Cxg) - Dn_i(Xo)| become 
less than 0.01 for all XQ the computation ceased and the results displayed. 
The area under the curve Djj(xQ)'was also calculated by the computer. The 
program was written for evaluation on Xq at intervals of 0,05, The 
results of the computation are in Table 1, Figure 13 is a plot of the 
distribution for K = 0.50, 0.00, and -0.50; it shows the expected behavior. 
Figure 14 shows the relationship between the analytic expression arrived 
at above and thevnumerical solution for K = -0.50; it indicates that for 
the region 0.1 ^  x < 1.0 the error in the analytic approximation is on 
the order of 10 per cent. Figure 15 is a graphic representation of the 
total number of dislocations on the interval 0 < x < 1. The points on the 
graph are from the computer's calculation of the area (Table 1) and the 
line is calculated from the equation n = HqCI + 0.44K)"J This result can 
be compared with Head's (1965) result for his calculation, no= n (1 + 
0.9K)"^ , The disagreement arises in both the numerical and analytic 
approximations and I can find no apparent reason for it. It should be 
noted that the error involves a factor of two which leads one to expect 
a simple error, unfortunately Head's work does not explicitly define K, 
The computer integration for the case K = 0 showed an error of about 
12 per cent with respect to the value analytically obtained indicating 
that the subsequent calculations were in error by at least that amount. 
This error was no doubt caused by not extending the integration interval 
closer to the origin. The calculation was admittedly crude but can be 
readily refined and should permit the investigation of other image 
problens in the field of dislocation mechanics. 
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Table 1. Numerical values from computer solution of D(x, K) including 
integral of D(x, K) 
X D(x, 0.50) D(x, 0.40) D(x, 0.30) D(x, 0.20) D(x, 0.10) 
0.05 0.9963 1.060 1.130 1.208 1.294 
0.10 0.7445 0.7794 0.8172 0.8592 0.9051 
0.15 0.6178 0.6413 0.6665 0.6945 0.7248 
0.20 0.5345 0.5517 0.5702 0.5906 0.6127 
0.25 0.4727 0.4861 0.5003 0.5160 0.5330 
0.30 0.4236 0.4343 0.4457 0.4582 0.4717 
0.35 0.3828 0.3915 0.4008 0.4110 0.4220 
0.40 0.3476 0.3548 0.3625 0.3710 0.3801 
0.45 0.3165 0.3226 0.3290 0.3361 0.3437 
0.50 0.2884 0.2935 0.2990 0.3050 0.3114 
0.55 0.2625 0.2669 0.2715 0.2766 0.2821 
0.60 0.2383 0.2420 0.2460 0.2503 0.2549 
0.65 0.2152 0.2184 0.2217 0.2254 0.2293 
0.70 0.1928 0.1955 0.1984 0.2015 0.2048 
0.75 0.1707 0.1730 0.1754 0.1780 0.1808 
0.80 0.1484 0.1502 0.1522 0.1544 0.1567 
0.85 0.1250 0.1265 0.1281 0.1299 0.1317 
0.90 0.09951 0.1007 0.1019 0.1032 0.1046 
0.95 0.06867 0.06942 0.07022 0.07110 0.07203 
1.00 0.00 0.00 0.00 0.00 0.00 
Area = 0.3661 0.3793 0.3936 0.4094 0.4267 
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Table 1. (Continued) 
X D(x, 0.00) D(x,-0.10) D(x,.0.20) D(x,-0.30) D(x,-0.40) D(x,-0.50 
0.05 1.387 1.491 1.607 1.736 1.882 2.046 
0.10 0.9549 1.010 1.071 1.138 1.214 1.299 
0.15 0.7577 0.7938 0.8338 0.8777 0.9272 0.9822 
0.20 0.6366 0.6628 0.6916 0.7233 0.7589 0.7983 
0.25 0.5513 0.5713 0.5934 0.6175 0.6446 0.6745 
0.30 0.4862 0.5021 0.5195 0.5386 0.5599 0.5835 
0.35 0.4338 0.4467 0.4608 0.4763 0.4935 0.5126 
0.40 0.3898 0.4005 0.4121 0.4249 0.4391 0.4548 
0.45 0.3519 0.3608 0.3705 0.3812 0.3930 0.4061 
0.50 0.3183 0.3258 0.3340 0.3430 0.3529 0.3639 
0.55 0.2879 0.2943 0.3012 0.3088 0.3172 0.3265 
0.60 0.2599 0.2653 0.2712 0.2776 0.2848 0.2926 
0.65 0.2336 0.2382 0.2432 0.2486 0.2547 0.2613 
0.70 0.2084 0.2123 0.2165 0.2211 0.2262 0.2318 
0.75 0.1838 0.1870 0.1906 0.1944 0.1987 0.2034 
0.80 0.1592 0.1618 0.1648 0.1679 0.1715 0.1753 
0.85 0.1337 0.1359 0.1382 0.1408 0.1436 0.1467 
0.90 0.1061 0.1077 0.1095 0.1115 0.1136 0.1160 
0.95 0.07303 0.7410 0.07528 0.07656 0.07798 0.07953 
1.00 0.00 0.00 0.00 0.00 0.00 0.00 
Area = 0.4455 0.4662 0.4891 0.5144 0.5430 0.5748 
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Figure 13. The dislocation density.as a function of distance for 
K = -0.5, 0, and +0.5 from computer approximation 
51 
X 
20 
18 
16 
14 
12 
10 
8 
6 
4 
2 
6 14 2 8 12 16 18 10 4 
Da (-.5) 
Figure 14. Relationship between numerical solution for dislocation 
density, and the approximate formula, for K = 
-0.5 
1.1 
IJO 
(1* .44K) 
.9 
.6 .4 A .2 OJO .1 .2 3 .5 .3 .1 
Figure 15. Relative number of dislocations in the pile up as a function of K 
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II. EXPERIMENTAL PROCEDURE 
A. Samples 
The samples used in the experiments were in all cases Stockbarger 
type single crystals purchased in random shapes from the Harshaw Chemical 
Company, 
The impurity level in these crystals as reported by Long (1962) was 
< 200 ppm, total impurity. The crystals as received were relatively strain 
free and generally in the shape of a right prism approximately 2 inches 
on a side. The crystals as received were encased in sealed plastic sacks 
and were kept in a desiccator until their use. The ease of cleavage of the 
as received crystals varied so that cleavage of the crystals was not used 
for the production of samples. The crystals were cut to the desired shape 
using a string saw with water as a solvent. Final machining of the 
crystals was done on a nylon lap using distilled water as a solvent. 
Throughout the machining procedure one cleavage face of the crystal was 
used as a reference plane to determine the crystalographic orientation of 
the samples. 
Bicrystals were formed by a hot wire technique described by Long 
(1962) in which case a hot platinum wire was passed through the interface 
of two crystals oriented as to give the desired grain boundary angle. The 
resultant bicrystals were relatively strain free and the grain boundaries 
were smooth and free from pores. Etching studies performed by Long showed 
configurations typical of natural grain boundaries. It was later dis­
covered that these crystals showed precipitation of an unknown crystal 
in the region through which the hot wire had passed so that an alternate 
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method of bicrystal production was devised. The alternate method con­
sisted of heating crystals in contact for the desired grain angle and 
orientation to approximately 800°C under an applied load of 6.50 kg. The 
load was applied to the crystals by means of an iron shaft through the 
roof of the same furnace used in the hot wire production of bicrystals. 
Crystals formed by the hot load method were relatively strain free, but 
some of the boundaries produced showed microscopic pores. It was found 
desirable to have the crystal being joined by the hot load method in 
contact with rumpled platinum foil to decrease the possibility of thermal 
stress development during the cooling of the furnace. 
Bicrystals were produced in two shapes for testing purposes. The 
first was in the shape of a rectangular prism approximately one inch long, 
0.2 inches wide, and 0.15 inches thick, in which case the grain boundary 
was perpendicular to the long axis of the crystal at the center of the 
gage length; these crystals were deformed in a bending mode under four 
point loading. The second shape was that of a rectangular prism approxi­
mately 0.5 inches high, 0.4 inches wide and 0.2 inches deep with the grain 
boundary about 0.1 inches beneath the upper surface of the sample and 
parallel to it; these crystals were deformed with a cylindrical indenter. 
In all casés for tilt type grain boundaries the angle of the grain boundary 
was divided evenly between the two halves of the bicrystal, that is, for 
a grain boundary angle 6, the grain boundary itself was at an angle 6/2 
with respect to the cube directions in the crystals composing the bi­
crystals, In the case of twist crystals, the twist angle was entirely on 
one of the crystals composing the bicrystal so that a cube face was 
always available for observation. In the case of crystals for indentation. 
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the twisted crystal was the bottom part of the bicrystal. 
In all cases the crystals were machined to final shape on a nylon 
lap with water solvent, annealed at 600°C for 15 minutes minimum, cooled 
at the natural cooling rate of the furnace, stored in a desiccator, and 
finally polished by immersion in water followed by a methanol rinse, an 
acetone rinse, and drying in a warm air stream immediately before testing. 
B. Deformation 
The apparatus used for deforming the crystals was a constant strain 
rate device in which a cross head was driven vertically at a controlled 
rate. It was generally operated at a cross head travel rate of 0.002 inches 
per minute, A Schaevitz linear variable differential transformer was used 
to detect cross head motion, and a Schaevitz dynamometer was used to 
detect load. The dynamometer and LVDT were driven by a 1500 cps power 
supply and the output signal demodulated. This apparatus was designed 
and built by S. A. Long, and more detailed description of it may be found 
in his thesis (Long, 1962). The demodulated signals were plotted on an 
X-Y recorder (Leeds and Northrup, Model Number 69950 Speedomax G) as 
load and deflection. The system was calibrated by direct application of 
a known weight (1 kg) and a known deflection. A calibrated voltage 
divider was added to the load output to permit scale changes without 
recalibration of the systm. 
Three modes of deformation were used. They were: 
1. 4 point bending 
2. compression 
3. indentation. 
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In the 4 point bending mode the sample was supported on hardened steel 
pins which were free to rotate. The lower pins were 0.75 inches apart 
and the top pins 0.25 inches apart, placed symmetrically with respect to 
the lower pins. The lower pins were also free to rotate independently 
about an axis 0.25 inches below the center of the pins to avoid torsion 
on the sample due to nonparallel loading faces. 
Testing in the compression mode was accomplished by machining the 
crystal to be tested such that the loading surfaces were parallel. The 
crystal was loaded in the apparatus against glass microscope slides to 
insure contact with a smooth surface. 
Indentation of the samples was accomplished by driving the crystal 
against a hardened steel pin .095 inches in diameter. The pin was in all 
cases parallel to a slip plane. The crystal was mounted on a hardened 
steel block which permitted the crystal to rotate in order to compensate 
for any nonparallelism of the loading surfaces. In the case of indenta­
tion, the surfaces of the crystal through which the propagation of slip 
was observed were coated with an oil with an index of refraction of 
1.5150, and overlaid with microscope slide cover glasses to avoid any 
interference due to the crystal surfaces. 
C. Optical System 
The system for direct observation of the samples is shown schematical­
ly in Figure 16. The illumination system consisted of a light source 
(tungsten lamp 100 w, 2400*K) and condenser lens, a wide bandpass filter 
which cut off in the near infrared, a polarizing disk from a Sperry 
gunsight, and in some instances a quarter wave plate two inches square 
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Figure 16. Schematic of optical system 
(Bausch and Lomb Optical Company, Cat. No, 31-52-62-40). The observation 
system consisted of optical plates which could be easily removed from 
the system (quarter wave plate or full wave plate, Bausch and Lomb 
Optical Company, Cat. No, 31-52-62-50). The microscope used for observa­
tion was an American Optical Company high temperature microscope, which 
is a long focal length microscope with a working distance of about 9 
inches, A polarizing disk (Bausch and Lomb Optical Company, Cat. No. 31-
52-62-12) was inserted in the microscope to act as an analyzer. The 
microscope had a half silvered mirror arrangement permitting observation 
from two oculars. The final magnification of the optical system could be 
varied between 15X and 200X by appropriate choice of the objective and 
ocular lenses. The objective lenses were 2.5X, 5X, and lOX; the oculars 
supplied with the microscope were wide field, with magnifications of 7X, 
lOX, and 20X, The instrument was used with an optical magnification of 
15X unless otherwise noted. In some cases a neutral filter with transmit-
tance about 0.20 was placed in the illuminating system. The high tempera­
ture microscope was mounted on a table which was adjustable in height. 
This table in conjunction with translation adjustments built into the 
microscope itself permitted motion of the microscope in three independent 
directions. 
0. Image Observation and Recording 
The image of the sample was visually inspected at all stages of the 
deformation and in an early series of experiments was recorded by means of 
time lapse motion picture photography. Time lapse photography was done 
to provide greater information concerning the dynamic deformation of salt 
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and to accentuate the interaction of the birefringent deformation bands 
with grain boundaries. For this purpose a Bolex H-16 motion picture camera 
fitted with a fl.9, 25 mm lens was adapted to time lapse photography by 
driving the camera with a 4 rpm synchronous motor, the speed of the camera 
operation was thereby decreased to one frame every 1.5 seconds with an 
exposure time of 0.75 seconds. The image intensity was adjusted to adjust 
for the speed of the film in use. Films used were Eastman Kodak types, 
Tri-X, four-X and Ecktachrome ER (color). After development prints were 
made of the black and white films and the original negatives stored. The 
color film was a reversal type film so that the original film was used. 
In later experiments the image was recorded by a photograph of an 
electronic display of the image on an oscilloscope face with a Hewlett-
Packard Company oscilloscope camera 196A/B. This method of display is more 
completely discussed in the following paragraph. 
E. Image Analysis 
Two schemes were used for image analysis. The first and simplest was 
the projection of a selected portion of the image on the sensitive 
element of a photoconductive cell (Science and Mechanics Super Sensitive 
Light Meter). In some cases the output of the photoconductive cell 
system, a series circuit with a mercury-cadmium cell, was put directly 
into the X-Y recorder to provide a plot of local intensity versus applied 
load or deformation. The system proved to be linear in transmitted 
intensity in the intensity range used but gave only a pointwise measure 
of light intensity; it also had a very slow reaction time at low levels of 
light. 
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Because of the two major shortcomings of the photoconductive cell, a 
second system was devised based on a vidicon television camera chain. The 
T.V. system consisted of a vidicon camera tube and its complex electronic 
support system, a T.V. monitor and an oscilloscope for image analysis. 
The vidicon tube has a photoconductive electrode on which the image of the 
sample was optically focused (using a 25 mm f 1.9 lens in conjunction with 
the high temperature microscope). An electron beam scans the image on the 
photoconductive layer and provides video information for the signal 
electrode. Two camera tubes, R.C.A. type 6198 and 7735A were used, the 
7735A tube giving the highest sensitivity. The tubes proved to be 
extremely sensitive to the red and near infrared portions of the spectrum, 
so that a filter was used to remove these wavelengths. The video signal 
was amplified, mixed with synchronization pulses and put on a carrier 
signal. The camera system used was an R.C.A. T.V. Eye (R.C.A. 1962). 
The output signal was then introduced to a conventional television 
receiver tuned to the same carrier frequency and displayed conventionally 
providing for a visual check on the sample and for fine tuning of the 
system. Video information, the horizontal synchronization signal, and 
vertical synchronization pulses were taken from the T.V. monitor. A 
vertical sweep generator was constructed to provide a sweep signal for 
subsequent display on an oscilloscope because of the severe non-linearity 
of the vertical sweep from the T.V. monitor (Figure 17); this vertical 
sweep was synchronized with the vertical sweep of the T.V. monitor. The 
three electronic signals were displayed on a Tektronix type 561-A 
oscilloscope with a dual channel vertical amplifier type 3A1, and a type 
2B67 time base horizontal sweep generator. The video signal was placed 
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Figure 17. Schematic of wiring of sweep generator 
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on one channel of the vertical amplifier and also on the cathode of the 
cathode ray tube of the oscilloscope. The vertical sweep signal was 
placed on the other channel of the vertical amplifier. The horizontal 
sweep generator was synchronized with the horizontal sweep of the T.V. 
monitor in most cases. 
The video analysis system is very versatile and data may be presented 
in many ways, some of which are as follows: 
1. Normal television picture by modulation of the 
oscilloscope beam, horizontal sweep synchronized with 
monitor sweep, and vertical sweep synchronized with 
monitor vertical. 
2. Intensity plot by adding the vertical and video 
signals, sweep synchronization the same as 
Number 1 above, 
3. Intensity distribution by synchronizing horizontal sweep 
with vertical from monitor, vertical sweep off. 
4. Intensity trace by synchronizing horizontal sweep 
with horizontal sweep from monitor, vertical sweep off. 
5. Single or multiple scan line display by multiplying 
sensitivity of vertical sweep in normal mode. 
Operation mode one gives a picture which is the same as the monitor 
picture for purposes of orientation and fine adjustment of the system 
(Figure 18a). The second mode of operation gives a picture in which the 
scan lines which normally compose the picture vary in height instead of 
intensity across the frame of the picture (Figure 18b). 
Figure 18a. Notched lucite under load 
Image of sample: the notch is vertical below center. 
The dark areas are isoclines. 
Figure 18b. Notched lucite under load 
Intensity contour image of Figure 18a. 
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Figures 18 through 20 illustrate the various modes of operation. The 
sample is a deeply notched Incite l?ar under a compressive load. The load 
is applied perpendicular to the notch. The polarizer is parallel to the 
load application direction. Operation mode one gives a picture which is 
the same as the monitor picture for purposes of orientation and fine 
adjustment of the system figure. The second mode of operation gives a 
picture in which the scan lines which normally compose the picture vary 
in height instead of intensity across the frame of the picture figure. 
This type operation gives a picture which appears to be an isometric draw­
ing of the intensity surface. Operation modes three and four give the 
trace of the intensity vertically and horizontally; operation mode three 
gives the projection of the intensity signal for each scanline on the 
horizontal sweep of the oscilloscope. 
These projections appear as vertical spikes, the amplitude of each 
spike being determined by the maximum intensity for that scan line. 
Operation in mode four gives the superimposition of the video signal for 
all scan lines on the horizontal of the oscilloscope and is the projection 
of the image intensity on the horizontal axis, while mode three is the 
projection of the image intensity on the vertical axis. Operation in the 
fifth mode permits the separation of scan lines by amplification of the 
vertical sweep signal, so that any single scan corresponding to a position 
on the image may be selected for inspection. In all of the cases 
mentioned above electronic aiiq)lification permits distortion or magnifica­
tion of the information in any desired ratio. 
Figure 19a. Notched lucite under load 
Trace of intensity (shear stress) on vertical axis 
(from left to right). 
Figure 19b. Notched lucite under load 
Trace of intensity (shear stress) on horizontal axis 
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Figure 20. Notched lucite under load 
Scan lines showing intensity (shear stress) distribution 
across notch. 
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Vidicon tubes are not linear in light intensity but vary in output 
with some power of the intensity. The sensitivity of the vidicon tube 
7735A used in the apparatus had a sensitivity which was very nearly equal 
to the square root of the light intensity for its usable range. This 
behavior is shown in Figure 21, which is the video signal from a quartz 
wedge in the sample position. The retardation of the quartz wedge varies 
linearly with the distance along the wedge, so that the intensity trans­
mitted through crossed polarizers varies with the distance squared. 
The assumption of linearity is not valid for low light levels. Figure 22 
is a graph taken from a calibration of the sensitivity of the system at 
low light levels. It shows that the system is very nearly linear in 
intensity for low light levels. 
Figure 23 is a schematic diagram of the complete loading and analysis 
system. The system proved to be easy to operate and stable in overall 
sensitivity. 
Figure 21. Vidicon response at high intensity 
The intensity varies with the distance squared. 
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Figure 22. Vidicon response at low intensity 
The intensity varies with the square of the distance. 
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Figure 23. Schematic of loading and analysis system 
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III. EXPERIMENT 
A, Bending Deformation 
All of the crystals in the following discussion were formed by the 
hot wire technique. The crystals were tested under four point loading, 
and time lapse motion pictures were made of all crystals. The motion 
pictures showed that, in general, deformation began at one of the loading 
pins and propogated longitudinally along the sample rather than beginning 
at the outer fibers of the sample and moving towards the neutral axis. 
The author was unable to obtain meaningful results by inspection of the 
photographs taken of these crystals. The amount of judgement necessary 
to decide whether or not a slip band had crossed a grain boundary was 
beyond my reach; this coupled with not knowing the actual stress at the 
slip band led to the scheme of taking the initial work hardening slope as 
an indication of the strengthening effect of the grain boundary. The 
data was taken as load deflection and reduced by multiplication by the 
factor (bd3)-l in which b is the sample thickness and d is the depth 
(initial distance between loading heads). Data taken in this manner is 
presented for twist type crystals as a function of grain boundary angle in 
Figure 24. The curve drawn is for purposes of comparison with other data 
and is taken to be the minimum hardening effect observed. Figure 25 is a 
plot of the tilt crystals tested as G, the initial workhardening slope 
(plastic modulus) versus grain boundary angle; the curve is again taken to 
be the minimum strengthening effect observed. Figure 26 shows the minimum 
strengthening effect curves both for tilt and twist crystals for purposes 
of comparison. Further reduction of the data was not deemed possible. 
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Figure 24. Dependence of work hardening slope on grain boundary 
angle 
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Figure 26. Comparison of the minimum work hardening slope observed 
for tilt and twist bicrystals 
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Reduction of the data was attempted many times but with little success. 
The scatter in the results for the tilt crystals appears to be real, 
especially in the low angle region. In Figure 25 all of the points for 
10 were taken from tilt crystals cut from the same ingot, given the same 
laboratory treatment and tested sequentially. These results suggest 
that laboratory control was not good enough to insure reproducability in 
the final testing. 
It is obvious from Figure 25 that the minimum strength observed was 
less for tilt than for twist crystals. This is an interesting result in 
that the resolved shear stress for tilt crystals decreases as a function 
of grain boundary angle for crystals in the configuration used, while the 
resolved shear stress for twist crystals does not change due to the 
presence of the grain boundary. 
B. Dislocation Configurations Near Grain Boundaries 
Etching studies of deformed crystals showed very high dislocation 
densities near the outer edges of bent crystals. Close to the neutral axis 
of the samples, the etch pit density was often low enough to see indi­
vidual etch pits; this strong decrease in dislocation density only occurred 
near a grain boundary. In a single crystal or away from the grain boundary 
in a bicrystal, the etch pit density was very high in the center of the 
sample. In the vicinity of the grain boundary, slip bands which appeared 
to have crossed the grain boundary as well as slip bands which appeared to 
have stopped at the grain boundary were observed. Because of the large 
number of etch pits involved, a photometer sensing element was mounted on 
the iris of a pétrographie microscope and an etched cleavage face (cleaved 
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in the loading plane across the grain boundary) was scanned with vertical 
illumination. The resulting intensity contours are shown in Figure 27. 
From the intensity plot, it was then possible to construct a contour 
diagram of dislocation density. Figure 28 is such a contour plot taken 
from the data of Figure 27. This data is for a 10" tilt crystal deformed 
ca. 4 per cent. To test the validity of the assumption of the linearity 
between reflected light intensity and dislocation density, the experiment 
was performed both with the photometer and by actual count. The 
photometer agreed with the etch pit counts to within t 5 per cent. 
It was found in the course of the research that etch pit configura­
tions do not necessarily coincide with optical birefringence patterns. 
Figures 29 and 30 show this graphically. Figure 29 is a photograph of a 
crystal which had been badly deformed and annealed. This figure is a 
photographic overlay of the etched surface and the appearance of the crystal 
through crossed polarizers. Note that the densely populated etch pit 
band in the lower right hand comer of the figure is on the outside edge 
of the birefringent band. Figure 30 is a photograph of an etched indented 
crystal taken simultaneously with transmitted and reflected light. No 
strong correlation is apparent between the etch pit configurations and 
the birefringent bands. The total magnification in Figures 29 and 30 is 
about 40X. 
C. Stress-Strain Distribution in Single Crystals 
The stress-strain behavior of single crystals deformed in a bending 
mode was investigated by means of optical birefringence and direct 
observation. A quartz wedge was inserted in the optic path of the 
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Figure 27. Reflected intensity from etched sodium chloride grain 
boundary area after testing 
Curve 1 is at the grain boundary. The succeeding curves 
are displayed from curve 1 by equal distances. 
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Figure 28. Dislocation density contours plotted from the data of 
Figure 27 
The grain boundary is at the left. 
Figure 29. Etch pit-birefringence distribution in an annealed sodium 
chloride crystal (ca. 40X) 
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Figure 30. Etch pit-birefringence distribution in an indented sodium 
chloride single crystal (ca, 40X) 
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observation system and motion pictures were taken of the apparent stress 
distribution as a function of applied load. It was found that while the 
sample was at or above its yield stress, the stress distribution appeared 
linear; while at loads below the yield stress, the stresses relaxed much 
more rapidly on the outer edges of the sample than in the center. The 
neutral axis of the sample was invariably shifted towards the compression 
side of the sample. The complex stress distribution below the yield 
stress of the sample is most likely because of residual stress due to 
the deformation. 
The strain distribution in bending samples was observed directly by 
cleaving the samples in the plane perpendicular to its long axis. 
Figure 31 is a photograph of such a cleavage trace showing two approximately 
linear regions. 
D. Photoelastic Analysis, Bending 
The samples used for photoelastic analysis in bending were all pre­
pared by the hot load technique. In most cases there was porosity at the 
grain boundary. The crystals were tested in four point loading at a 
strain rate of 0,002 inches per minute (cross head travel). Stress con­
centrations were always observed near grain boundaries but only in the 
outer fibers of the samples. Unless otherwise noted, the polarizer is at 
90® with respect to the long axis of the sample. Figure 32a shows a 10* 
tilt boundary region; the grain boundary is at the center line of the 
oscilloscope screen. The stress concentration is on the tension side of 
the beam. Figure 32b shows the distribution of maxima and the position 
of the neutral axis. Figure 33 shows another 10® tilt crystal with a 
Figure 31. Cleavage trace of sodium chloride single crystal deformed 
in bending 
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Figure 32a. Grain boundary region in 10° tilt crystal under bending load 
Shear stress contour diagram. 
Figure 32b. Grain boundary region in 10° tilt crystal under bending load 
Vertical trace of shear stress (top is at left). 

Figure 33a. Ten degree tilt crystal grain boundary region under 
bending stress 
Shear stress contour diagram. 
Figure 33b, Ten degree tilt crystal grain boundary region under 
bending stress 
Horizontal trace of shear stress. 
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strong stress concentration at the grain boundary near the tension side of 
the sample. Figure 32b shows the projection of the maxima on the horizontal 
axis; the stress at the grain boundary, easy to see in Figure 32a, is higher 
than the stress at the right. Figure 34 shows the same projection later 
in the loading procedure (the grain boundary is shifted to the right on 
the figure). The slip band intersection at the right of the figure shows 
a higher stress than that of the grain boundary intersection. Upon 
unloading the stress at the grain boundary was observed in general to 
decrease faster than the stress at slip band intersections. Figure 35 
is a plot of the relative stresses for the grain boundary and slip band 
intersection in the 10" tilt crystal discussed above. Note that the stress 
relaxation is not linear in the load as was found to be generally true. 
No apparent correlation was found between grain boundary angle and 
stress concentrations. In all cases the conceitration at the boundary was 
near the edge of the crystal and in most cases did not exceed the stresses 
caused by slip band intersection. 
E. Photoelastic Analysis, Indentation 
One series of tilt crystals, 5®, 10", 14" tilt and 40" tilt will be 
discussed in this paragraph. All of the crystals were joined by the hot 
load technique and had apparently good grain boundaries. The crystals 
were all cut from the same ingot as received. The grain boundary crystals 
were tested by driving a cylindrical steel indenter into the loading 
surface of the crystals. In-all cases the plane of the grain boundary was 
between 2 and 2.5 mm below the loading surface of the crystals. The tilt 
crystals were compared with a series of single crystals machined such 
Figure 34. Horizontal trace of shear stress distribution in region 
of 10® tilt bicrystal 
The grain boundary is at the left center of the photograph. 
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Figure 35. Apparent stress at grain boundary and slip band inter­
section during unloading 
R.H.P. is right hand peak. 
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that the angles of slip planes with respect to vertical were comparable 
to the slip plane angles in the bicrystals. These single crystals under­
went the same treatment as the bicrystals with the exception of the hot 
load application. The complete series, both bicrystals and single 
crystals, was tested without a change in the calibration of the system 
except for adjustments of the incident light intensity to remain in the 
operating range of the vidicon. Figure 36 shows the trace of the deforma­
tion band propagating towards the grain boundary which appears as a v 
shaped intensity minimum near the center of the picture for a 14® tilt 
crystal. Figure 37 shows the relationship between the propagation of the 
deformation front and the applied load for crystals tilted 10*, 15* and 
20* with respect to the loading directions. Figure 38a shows the region 
of the intersection of a birefringent band with a 40* tilt boundary at 
35X on the oscilloscope, while Figure 38b shows the projection of the 
intensities in Figure 38a on the horizontal axis. Note the relatively 
sharp drop in intensity near the grain boundary. Figures 39 and 40 show 
the relationship between local stress and applied load for the case of 
bicrystals and single crystals respectively. This data is also presented 
in Figure 41 as the relationship between the angle of the slip plane with 
respect to the loading direction at 3 kg load both for the bicrystals and 
single crystals. 
In all of the above cases no strong stress concentration was observed. 
Figure 42a shows a 35* tilt crystal under indenter load with the polarizer 
at 90* with respect to the loading direction and the trace of the intensity 
on the horizontal axis. Figure 42b shows the same crystal at the same 
load but with the polarizer at 135* with respect to the loading axis. 
Figure 36. Propagation of deformation band under increasing load 
applied to an indenter 
A 14° tilt grain boundary is at the center of the photo­
graph about 2 mm from the loading pin on the crystal. 
The applied load was 3.0, 3.6, and 4.0 kg from top to 
bottom in the figure. 
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Figure 37, Propagation of deformation front as a function of load for 
crystals tilted with respect to loading direction 
DISTANCE TO DEFORMATION FRONT 
i O CM 
Figure 38a» Slip band intersection with grain boundary in 40° 
tilt bicrystal 
Region of intersection. 
Figure 38b. Slip band intersection with grain boundary in 40* 
tilt bicrystal 
Horizontal trace of intensity. 
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CRYSTAL TILT W/R TO VERTICAL 
Figure 39. Apparent stress as a function of.loading in birefringent 
band as a function of load for crystals tilted with 
respect to loading direction 
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Figure 40. Apparent stress as a function of applied load in 
birefringent band for crystals with grain boundaries 
(d is distance from the grain boundary load pin^ ) 
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ANGLE DEGREES 
Figure 41. Local stress versus angle of slip band with respect to 
vertical for 3 kg applied load 
2 mm. under loading point. 
Figure 42a. Stress field for 35' tilt crystal 
Image of area and horizontal true of intensity, polarizer 
vertical. 
Figure 42b. Stress field for 35* tilt crystal 
Horizontal intensity true polarizer at 45* with respect 
to vertical. 
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Note the strong gradients in stress near the grain boundary and the 
rapid change in stress direction. This figure was included to show that 
stress concentrations do occur at grain boundaries. 
In a x'ew cases the polarizers were rotated in increments of 5' and 
the sample photographed. These photographs showed the isoclinic lines 
quite well. From these isoclinics "stress trajectories" were drawn. 
These trajectories should only be used for qualitative comparisons as 
they do not represent the principal stress trajectories as in the case of 
isotropic materials. The trajectories dravm are for the case of an in­
dented 20" tilt crystal both in the loaded and unloaded state. Figures 
43 and 44 show the isoclinic lines and the trajectories constructed from 
the pattern of isoclinics. It shows no strong effects due to the slip 
lines or to the deformation bands. Figures 45 and 46 show the isoclinics 
and trajectories for the same crystal with the load removed. The residual 
stress pattern has a very complex structure, but it clearly shows the 
deformation bands typical of an indented sample. These figures show only 
the large scale elastic fields; the numerous slip bands present are not 
included in the isoclinics. 
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Figure 43. Isoclines for 20° tilt crystal loaded with indenter 
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Figure 44. "Stress trajectories" for 20° tilt crystal loaded with 
indenter 
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Figure 45. Isoclines for 20® tilt crystal loaded with indenter 
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F. Average Local Stress 
A series of indentation experiments were run using a photoconductive 
cell fitted to a 20X oxular. The output of the cell was attunuated and 
placed on the X-channel of the X-Y recorder. An situ calibration of 
the system showed that the cell had an output which varied with the 
incident intensity as the intensity raised to the 1.5 power. The Y axis 
of the X-Y recorder plotted applied load. The system gave a measure of 
the average local stress as the field of view was quite wide. Figure 47 
is a plot taken from the X-Y recorder of a single crystal test. Note 
that after an original non-linear segment the loading curve shows a linear 
character during loading and for unloading except for very small loads. 
Table 2 gives the results of three such tests and the ratio of the loading 
and unloading slopes. 
Table 2. Loading and unloading slopes 
Crystal Loading slope Unloading slope Ratio 
40 tilt 1.1 1.9 .58 
Single crystal 1.1 1.8 .64 
20 tilt 6 twist 1.5 3.5 .43 
The average ratio for the data in Table 2 is 0.55. In terms of local 
stress the relationship yields that the rate of stress release is approxi­
mately 1/^ 0.55 = 1.25 times as fast as for the deforming crystal. At 
sufficiently high load the local stress increases more slowly than it 
decreases, and the relationship between the local stress for a load L is 
A(T loading)/AT unloading = 0.8. 
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Figure 47. Relation between average intensity during loading and unloading with an indenter 
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IV. DISCUSSION OF RESULTS 
It is very tempting to try to correlate some of the results of the 
first section with those obtained by experiment. The lower work hardening 
slope for the tilt crystals certainly lends itself to this type of 
analysis. The results of the etching studies also imply that the tilt 
boundaries may attract dislocations in that the dislocation density very 
close to the boundary is in some places higher than in regions away from 
the boundary; this can also be interpreted as the remnants of dislocation 
pile-ups. The scatter in the results for the work hardening slope really 
preclude any detailed analysis, and the most that can be said is that 
both twist and tilt grain boundaries interfere with the propagation of 
slip. The degree of interference is an increasing function of grain 
boundary angle and is more pronounced for twist type grain boundaries than 
for tilt type boundaries. The amount of scatter in data for the twist 
crystals is not excessive, and the fact that the resolved shear stress did 
not depend on angle leads to a simple interpretation of the hardening 
effect, that of saying that the range of influence of the grain boundary 
is an increasing function of angle. It was noted in some cases that the 
region of the grain boundary was least severely deformed at the conclusion 
of ai test; more exactly the radius of curvature of the bent sample ap­
proached infinity near the grain boundary. The results of the experiment 
are difficult to interpret with the hypothesis of a discrete grain boundary 
yield point» but rather as a barrier which increases the local work harden­
ing rate, thereby affecting slip band propagation. 
In no case in the course of the investigation were elastic stress 
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fields as would be caused by dislocation pile ups (Head 1955) observed 
across a grain boundary. Very many grain boundaries were microscopically 
examined, but in no case were these stress fields observed. This fact 
also implies soft grain boundaries, although it is possible that the 
resolution of the systems used was low enough to prevent observation of 
this effect. 
The results of the work on image forces must be approached cautiously, 
especially in the case of highly anisotropic materials. In the case of 
high degrees of anisotropy, the stress fields for screw dislocations 
include tensile and compressive components. The results might better be 
applied to heterogeneous systems composed of almost isotropic materials. 
Head (1953) maintains that for edge dislocations the method is accurate 
to within 15% of the correct value for a simple grain boundary in iso­
tropic materials. For the case of the compound grain boundary the 
accuracy is certainly worse, although the results should be useful as a 
first approximation. The results of the continuous approximation should 
also be treated cautiously as the methods used were at best crude. Both 
the image force and the continuous approximation of the pile up including 
image forces are probably fairly good for low values of K. 
The photoelastic observations show conclusively that while stress 
concentrations do occur at grain boundaries in sodium chloride, they do not 
necessarily occur. The maximum stress concentration observed was approxi­
mately 3.5 times a rather loosely defined value for the average stress. 
The cases of high stress concentrations occurred invariably near the 
edges of bending samples and for that reason are difficult to relate 
directly to the grain boundary. Figure 32 a shows a 10° tilt crystal 
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which has a stress concentration near the upper edge of the photograph 
while in the same sample there are grain boundary slip band intersections 
which show little if any concentration of stress. In the cases where 
stress concentrations did occur the stresses changed in magnitude or 
in direction very rapidly. Stresses at slipband-slipband intersections 
were very high and showed higher residual stresses than slipband-
grain boundary intersections, an effect most likely due to tangling of 
the dislocations in the slip band intersections, tending to lock them in 
place. 
The T.V, image analysis system proved to be versatile and easy to 
handle. The system could find broad application in the field of photo-
elasticity both for microscopic and macroscopic samples. The system 
could be modified to provide for direct display of the stress components 
by oscillating the scanning electron beam thereby obtaining the partial 
derivative of the shear stress. This signal could then be electronically 
integrated and displayed, yielding the tensile components of the stress. 
The demands on the electronics would not be excessive, and with a little 
effort the system could yield precise, accurate results. 
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V. CONCLUSIONS 
The results of this work lead to the following conclusions: 
1. The elastic properties of a grain boundary region as well 
as the difference in elastic modulii of the crystals sharing 
the grain boundary have an effect on dislocations approach­
ing the boundary, 
2. The elastic properties of a grain boundary have a significant 
effect on the number and distribution of dislocations in a 
pile up at the boundary. 
3. The degree to which a grain boundary interferes with plastic 
deformation in sodium chloride is an increasing junction 
of grain boundary angle and is more pronounced for twist 
type grain boundaries than for tilt type grain boundaries. 
4. Stress concentrations at grain boundaries may occur during 
plastic deformation in sodium chloride but do not necessarily 
occur. 
5. The local stress determined photoelastically changes more 
rapidly during unloading than during loading in the plastic 
region for sodium chloride. 
6. The stress at the intersection of a slip band and a grain 
boundary decreases faster than the stress at slip band-slip 
band intersections in sodium chloride during unloading. 
7. Analysis of stress distributions on a microscopic level 
using a television system is practical. 
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VIII. APPENDIX A 
1. Consider the integral 
1 
DÇz) S 0 (z + x) (x - XQ) 
which, by partial fractions 
1 
= 5 
1 - X 
dx 
0 z + xo 1 - X (x - Xo) y 1 - X (z + x) 
dx 
D(z) r I X ' dx D(z) r I X ' dx 
+ Xjj ) y 1-X X-XQ Z + XQ J 1/ 1-x z + X* 
Consider the second integral. Let y = z + x, then the integral becomes 
1+z 
z + Xo 
XT^
D(z) C iT-
: z /(I -
z dy 
z) - y y 
Multiply the numerator and denominator by ^  y - z,'which yields 
1+z 
- D(z) V ÏJLl dy 
z + X, 0 z y-z(l + z) + (1 + 2z)y - Y 
or 
1+z 
dy 
_ D(z) 3  ^
z + XQ Z -J -^zCl + z) + (1 + 2z)y - y^ ' 
1+z 1 D(Z) Z + Xo Z y zdy 
-z(l + z) + (1 + 2z)-y2 
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These integrals are of standard form; the integration yields. 
1+z 
D(z) 
Z + Xr 
Sin-1 (2y - 1 - 2z) + -,/ -L. 
1+z 
Sin-1 (i+2z)y _ 2z(H-z)J 
or. 
- rSin-l (1) - Sin-l(-l) + (Sin-l(l) - Sin-l(-l)) 
z+Xo y 1+z 
or. 
D(z) 
Z+Xrt 
ir + IT 
1+z 
In the first integral. 
D(z) 
Z+Xo 
dx 
(x-xo) 
let y = X - Xq, the integral becomes 
1-Xr 
D(z) f y+xp 
z+Xq \ II (l-Xo)-y 
ÉL 
y 
or, 
1-Xr 
DCz) 
Z+Xr 
y + Xr 
0 J -|/ (l-X(j)(Xo) + (l-2Xo)y-y2 
ÈL 
y 
"Xq 
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Which reduces to standard form following the previous example, and we 
find that the integral equals 
0(2) 
Z+Xn 
(2y-l+2xo) - //u-XoKXo) + (l-2Xo)y - y? 
1 - XQ \ y 
1-Xr 
+ l/xo(l-Xo)^  \ 
2-j/xo(l-Xoy / 
-Xr 
= ir D(z) 
Z+Xn 
Thus the original integral equals 
tr D(z) / z ' 
Z+Xq "y 1+z 
2. Consider the integral 
1 1+z 
1-z 
z 
dz 
Z+Xn 
let y = Z+Xq; the integral becomes 
l+Xr 1+x-
(l+xo)-y'dy 
(l-xo)-y y 
r + Xq) - y 
J *)(i-xo)+ 2xoy-y2 
ÈL 
1 y 
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Which is composed of standard forms and is equal to 
- (I+Xq) iJ (1-xo)(1+Xo) + 2xoy-y2'+ -J (I-Xq)(I+Xq) 
log I : 
-1 y 
f(Ï^ Xo)(l+Xor 
1+Xr 
1 (I+Xq)(I-Xq) 
) - Sin-l(y-Xo) 
IT 1 1+Xf Z?- )• 1-Xn 2-X' 
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IX. APPENDIX B 
Let K^ j = = - KH 
 ^ "j ' "i ' 
then 
tl + ky)  ^  ^ (1 - Kij) 
For a dislocation at r and a boundary at o an image of strength K^ j gives a 
stress field of for X > 0 and a stress field 
r + X r 
(1 + KiP Pj (1 _ K..) 
or 
for X < 0. The stress fields in materials i and j have the same value for 
2 
X = 0, l^ i . A dislocation at r generates an image of K12 at -r with 
Ul + V2 
respect to yj and a strength (1 - Ki2)/r - x with respect to 2^» For a 
boundary at -d an image of strength K23(l - K12) with respect toU2 is 
generated at -(r + d). The interaction of this image with the boundary at 
zero yields an image of strength K21 K23 (1 - K12) at + (r + 2d). The 
argument can be repeated giving the series for the effective strength 
between the boundaries. 
3^ 2 = (I-K12) + y (I-K12) K25 Kn^  ^  y (I-K12) K23 K21 
r - X Z—I r + 2nd + x Z—1 r + 2nd - x 
for - d < X < 0. 
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Or, since ^ 2 =  ^, 
(1 - Kiz) 
The series can be written in terms of as 
CO 
' r-x  ^r+ 2nd + X / r + 2nd - x ^  
1 1 
Note that -»• 0 for K22 -1. 
The series for the stress in material 3 with respect to ^ 2 is the sum 
of the images in material 3. Which is, 
(I+K23)(I-K12) K2iK23(1-KI2)(^ +^ 23) 
+ 7: : + . . 
r + d - x  r  +  3 d  -  x  
= y (1 * W(1 -
n=0 
r + (2n + 1) d - X 
or, in terms of y ^^ "^ 3^  ^^^ 1^2^  hi hs % - d 
r + (2n + I) d - X 
n=0 
or, for d 0 Kg££ = 
00 
CI . Kjj) £ >=21 = 
0 
00 
(1 * KjP g CKJj * K^ ;!) 
0 
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for Ki2 + 0, Kgff -+ Ki3 
hz  ^- 1' ^ eff ® 
2^3 "*• "1» Keff ^  
These series can be put into yet another form using the relationship 
